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TOWARD  AN  UNDERSTANDING  OF  THE  TURBULENT 
ELECTRODE  EFFECT  OVER  LAND 


INTRODUCTION 

Of  all  the  problems  of  fair-weather  atmospheric  electricity,  the  “electrode  effect”  has  been 
one  of  the  most  studied  and  most  puzzling.  According  to  Chalmers  [  1] ,  the  electrode  effect  is 
defined  as  the  nonuniformity  of  electrical  conditions  close  to  an  electrode,  with  the  electrode  of 
interest  in  atmospheric  electricity  usually  being  the  earth’s  surface.  This  definition  is  rather  broad, 
however.  When  most  investigators  use  the  term,  they  have  in  mind  only  those  inhomogeneities 
caused  by  the  drift  of  atmospheric  ions  in  response  to  an  electric  field  normal  to  the  electrode. 

For  example,  in  a  motionless,  aerosol-free  atmosphere  of  uniform  ionization,  the  fair-weather 
electric  field  sweeps  negative  ions  away  from  the  surface.  This  results  in  a  layer  of  positive  space 
charge  through  which,  toward  the  ground,  the  field  magnitude  increases  and  the  total  conductivity 
decreases  by  roughly  a  factor  of  2.  This  simple  phenomenon  will  be  referred  to  here  as  the  “classi¬ 
cal”  electrode  effect. 

Unfortunately,  the  situation  in  the  real  atmosphere  is  in  general  greatly  complicated  by  aerosol 
particles,  nonuniform  ionization,  and  turbulence.  In  response  to  these  diverse  influences  the  elec¬ 
trode  effect  assume^  various  manifestations  which  can  differ  drastically  from  its  classical  form. 
Increased  ionization  rate  at  the  surface  can  eliminate  or  reverse  the  sign  of  the  net  space  charge. 
Turbulence  can  thicken  the  layer  until  it  is  almost  undetectable  from  the  surface.  This  complexity 
has  resulted  in  much  disagreement  among  experimental  results  and  some  confusion  about  the  nature 
of  the  electrical  processes  in  the  atmospheric  surface  layer. 

In  the  face  of  this  complexity  and  confusion,  especially  after  concerted  attack  by  so  many 
researchers  over  so  long  a  period,  it  is  tempting  to  dismiss  the  electrode  effect  as  one  of  those 
peculiar  little  fair-weather  problems  not  deserving  further  effort.  However,  this  collection  of 
phenomena  has  considerable  implications  in  other  areas  of  atmospheric  electricity.  For  example, 
the  correct  measurement  from  the  ground  of  parameters  of  such  general  importance  as  the  total 
vertical  current  density  is  impossible  without  understanding  the  complicating  influences  of  the 
electrode  effect.  Even  more  significant  is  the  fact  that  the  principal  surface  source  of  electric 
charge  for  convection  currents,  which  have  been  shown  to  extend  throughout  the  fair-weather 
planetary  boundary  layer,  is  the  electrode  effect.  I  have  argued  [2]  that  this  process  represents 
a  “local  generator”  which  may  develop  up  to  130  kV  on  occasion. 

In  recent  years  Hoppel’s  work  (presented  in  Ref.  3  and  subsequent  references  cited  in  this 
report)  and  my  own  work  (summarized  below)  have  suggested  that  strong  turbulence,  perhaps 
augmented  by  the  presence  of  aerosol  particles,  may  cause  the  electrode  effect  to  separate  into 
two  overlapping  layers,  each  controlled  by  its  own  set  of  physical  processes.  As  turbulent  transport 
increases  in  importance  relative  to  drift  in  the  electric  field,  the  ion-density  profiles  become 
dominated  by  turbulent  diffusion,  ionization,  and  recombination  or  aerosol  attachment.  This 
results  in  a  layer  (which  I  shall  continue  to  call  the  electrode  layer,  although  the  classical  electrode 
effect  has  disappeared  entirely)  in  which  the  profiles  of  positive  and  negative  polar  conductivity 
are  similar  and  both  decrease  toward  the  surface,  where  ions  are  annihilated  by  attachment  or 
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neutralization.  The  thickness  of  this  “electrode  layer”  is  controlled  by  the  small-ion  lifetime  and  the 
turbulence. 

The  second  layer  might  be  called  the  convection-current  layer.  The  fair-weather  electric  field 
tends  to  build  up  positive  space  charge  in  the  electrode  layer  due  to  the  gradient  of  conductivity 
there.  In  the  absence  of  mixing,  this  would  result  in  the  electric  field’s  increasing  toward  the  sur¬ 
face,  so  that  the  conduction-current  density  could  be  uniform.  The  strong  turbulence  that  I 
hypothesize  here,  however,  rapidly  mixes  this  space  charge  upward,  resulting  in  a  convection- 
current  layer  whose  thickness  is  controlled  by  the  electrical  relaxation  time  and  the  turbulence. 

In  the  presence  of  aerosol  particles  the  relaxation  time  can  be  much  longer  than  the  ion  lifetime, 
making  this  layer  substantially  thicker  than  the  electrode  layer.  Although  the  electric  field  strength 
may  still  decrease  by  about  a  factor  of  2  from  the  surface  to  the  top  of  the  convection-current 
layer,  little  of  this  decrease  and  the  associated  space  charge  may  occur  in  the  electrode  layer  or  be 
observable  from  the  surface. 

In  this  report  I  will  focus  on  the  preceding  model  of  the  turbulent  electrode  effect.  After  I 
review  the  theoretical  background  in  more  detail  and  summarize  the  past  observations,  I  will 
describe  two  recent  experiments  to  test  this  new  concept  of  the  turbulent  electrode  effect.  My 
review  of  the  electrode-effect  literature  is  not  exhaustive;  instead  I  have  tried  to  cover  till  of  the 
work  relevant  to  the  aspect  of  the  problem  at  hand,  namely,  the  transformation  of  the  electrode 
effect  in  the  case  of  strong  turbulent  mixing. 


theoretical  background 

A  brief  summary  of  past  theoretical  work  on  the  nonturbulent  electrode  effect  will  serve  as  an 
introduction  to  the  turbulent  theory.  This  past  work,  both  with  and  without  aerosol  particles  and 
nonuniform  ionization  profiles,  is  fully  developed  and  has  been  thoroughly  discussed  by  Hoppel 
1 3 1 .  The  results  may  be  separated  into  three  cases:  classical,  with  aerosols,  and  with  surface  radio¬ 
activity. 

In  the  so-called  classical  electrode  effect,  with  uniform  ionization  rate  and  no  aerosol,  the 
electric-field  magnitude  decreases  to  about  45%  of  its  surface  value  in  a  layer  with  a  depth  of  some 
2  m  (the  height  required  to  execute  90%  of  this  decrease  if  ionization  q  =  107  m"3  s'1 ,  surface 
field  magnitude  E{)  =  100  V/m,  recombination  coefficient  a  =  1.6  X  10'12  m3  s'1,  and  both  small- 
ioii  mobilities  h  -  1.2  X  lO'1  m‘~  v' 1  s' 1 .  This  decrease  is  effected  by  positive  space  charge  reach¬ 
ing  a  maximum  density  of  about  070  pC/m3  (2300  e/cm3)  at  the  surface,  due  to  the  repulsion  of 
negative  ions  by  the  negative  (downward)  electric  field.  (The  sign  convention  that  vectors  are 
reckoned  positive  upward  will  be  used  throughout  this  report.  Hence  in  fair  weather  the  field  and 
current  density  are  negative  and  the  potential  gradient  is  positive.)  Thus  the  total  conductivity 
increases  with  height  by  about  a  factor  of  2  in  the  same  region.  The  thickness  of  this  classical 
electrode  layer  scales  with  Lc  s  kE^Hqa)^'2 ,  where  EVJ  is  the  asymptotic  magnitude  of  the  field 
in  the  interior  (as  height  z  ~+  °°).  Since  the  mean  ion  lifetime  in  the  interior  is  rn  =  (qa)'1/2,  Lc  is 
the  distance  an  ion  can  drift  in  the  field  during  its  lifetime. 

Unfortunately  the  classical  electrode  effect  is  almost  never  observed,  due  first  of  all  to  the 
action  of  aerosol  particles  as  recombination  sites  for  small  ions.  In  consideration  of  this  second 
case  of  the  nonturbulent  theory,  Hoppel  has  shown  that  when  the  nucleus  count  Z  becomes  as 
large  as  109  m'3,  the  aerosol  begins  to  reduce  the  small-ion  densities  and  to  carry  a  significant  frac¬ 
tion  of  the  space  charge.  For  Z  >  101()  m'3,  the  small-ion  space  charge  is  negligible,  and  the 
thickness  of  the  electrode  layer  is  reduced  in  proportion  to  the  shorter  small-ion  lifetimes.  The 
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overall  decrease  in  field  magnitude  with  height,  however,  remains  nearly  the  same,  due  to  higher 
space-charge  density  in  the  thinner  layer.  This  analysis  breaks  down  for  Z>  10"  m~3,  when  the 
electrical  mobility  of  the  large  ions  must  be  considered. 

The  third  nonturbulent  case  introduces  the  effects  of  trapped  radon  gas  and  surface  radio¬ 
activity.  Hoppel  has  shown  that  the  resulting  rapid  increase  in  ionization  rate  with  decreasing  height 
can  actually  reverse  the  electrode  effect,  giving  Erjo  >  E0 .  There  is  still  a  thin  layer  of  positive  space 
charge  at  the  surface,  as  in  the  classical  electrode  effect,  but  this  can  be  overlain  by  a  thicker  layer 
containing  a  larger  net  negative  charge,  due  to  the  upward  drift  of  negative  ions  out  of  the  region 
of  high  ionization.  In  the  presence  of  significant  aerosol  density  the  effect  of  surface  radioactivity 
(especially  a  emission,  which  has  a  range  of  about  3  cm  in  air)  is  considerably  increased  due  to  the 
decrease  in  layer  thickness. 

Today  it  is  generally  accepted  that  the  principal  phenomenon  obscuring  the  electrode  effect 
in  observations  at  the  ground  is  neither  the  action  of  aerosol  particles  nor  the  effects  of  trapped 
radon  gas  and  surface  radioactivity  but  rather  convective  mixing  of  space  charge  in  the  normally 
turbulent  atmosphere.  The  first  mathematical  model  of  this  convection  current  appears  to  have 
been  that  of  Whipple  [4] .  Assuming  uniform  total  conductivity  X  and  eddy -diffusion  coefficient  k, 
he  showed  that  in  a  steady-state,  horizontally  homogeneous  atmosphere  charge  density  supplied  at 
the  surface  could  be  carried  to  heights  of  the  order  of  100  m.  The  height  scale  of  this  turbulent 
“electrode  layer”  was  found  to  be  LT  =  (egK/X)1  /2  ^  Ec(e0  =  8.85  pF/m  being  the  dielectric  per¬ 
mittivity  of  air),  and  within  the  layer  the  convection  current  was  shown  to  be  opposite  in  direction 
and  comparable  in  magnitude  to  the  total  fair-weather  current.  This  resulted  in  an  increased  down¬ 
ward  conduction  current  and  electric  field  throughout  the  layer,  effectively  thickening  the  electrode 
effect  enough  to  make  it  undetectable  at  the  surface. 

This  model  was  extended  by  a  number  of  investigators,  such  as  Tverskoi  and  Timofeev  [5] , 
who  used  eddy  diffusivity  increasing  linearly  with  height,  without  removing  the  model’s  basic 
problem.  By  assuming  a  space-charge  density  at  the  lower  boundary,  the  investigators  sidestep 
the  question  of  how  this  charge  is  produced  and  in  what  quantity.  The  first  successful  resolution 
of  this  difficulty  was  achieved  by  Hoppel  [6] ,  who  constructed  a  self-consistent  model  of  the 
turbulent  electrode  effect  over  an  aerodynamically  smooth  surface,  using  the  correct  lower  bound¬ 
ary  conditions  of  vanishing  small-ion  density.  This  model  was  extended  by  Hoppel  and  Gathman 
[  7  J  to  include  the  atmospheric  aerosol. 

The  conclusions  from  Hoppel’s  model  solutions  are  briefly  as  follows.  In  a  thin  “diffusion 
sublayer”  at  the  surface,  the  positive-small-ion  density  and  conduction  current  decrease  to  zero, 
so  that  the  total  downward  current  is  carried  by  diffusion  at  the  lower  boundary.  Above  this  layer, 
the  convection  current  is  upward,  carrying  the  electrode-effect  positive  space  charge  into  the 
interior  as  described  by  Whipple  [4] .  Increasing  the  strength  of  the  turbulence  thickens  the  layer 
roughly  as  Lr  but  does  not  change  the  overall  decrease  of  field  magnitude,  which  remains  about 
a  factor  of  2.  The  addition  of  aerosol  particles  to  the  turbulent  electrode  effect  increases  the  layer 
thickness  by  lengthening  the  electrical  relaxation  time  (which  is  =  e0/X  and  which  appears  in 
the  expression  for  LT),  in  contrast  to  its  effect  in  the  nonturbulent  case.  Finally,  Hoppel  [ 6 j 
showed  that  turbulent  mixing,  in  addition  to  preventing  the  trapping  of  radon  gas  near  the  surface, 
also  dramatically  reduces  the  effect  of  increased  ionization  by  vertically  mixing  the  space  charge. 

In  all  of  Hoppel’s  solutions  for  turbulence  with  uniform  ionization,  both  the  negative  and  the 
positive  small-ion  densities  decrease  toward  the  surface.  This  is  a  result  of  turbulent  and  molecular 
diffusion  to  the  absorbing  lower  boundary  and  implies  that  the  total  conductivity  should  increase 
with  height  in  the  electrode  layer.  The  effect  becomes  more  pronounced  as  the  turbulence  intensity 
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increases  and  was  the  motivation  for  my  analysis  {81  of  the  electrode  layer  over  an  aerodynamically 
rough  surface. 

My  calculations  (8)  suggest  that,  in  a  limit  of  strong  turbulence  that  appears  applicable  in 
many  cases  over  land,  the  positive  and  negative  ion-density  profiles  become  similar  and  decrease 
toward  zero  at  the  ground  over  a  “recombination”  layer  whose  thickness  scales  with  = 

/C/ ( <?cx ) l / 2  =  Krn ,  where  the  eddy  diffusivity  has  been  taken  as  k(z)  =  Kz,  with  K  being  a  constant. 
This  means  that  the  total-conductivity  profile  becomes  independent  of  the  electric  field  and  current 
density  in  this  limit  and  that  the  classical  electrode  effect  of  separation  of  ions  by  conduction  at  a 
rigid  surface  is  replaced  by  turbulent  diffusion  of  ions  to  an  absorbing  boundary. 

Two  predictions  of  my  model  are  readily  testable  by  field  experiments.  The  first  such  predic¬ 
tion  is  that  tiie  ratio  of  positive  to  negative  polar  conductivity  X+/A_  near  the  surface  should  de¬ 
crease  toward  unity  with  increasing  wind  speed  and  that,  under  turbulent  conditions,  the  conduc¬ 
tivities  should  both  increase  with  height  over  a  layer  whose  thickness  is  roughly  proportional  to 
wind  speed.  The  second  testable  prediction  is  that,  because  the  total  conductivity  must  vanish  at  the 
physical  surface,  all  the  current  there  must  be  carried  by  turbulent  and  molecular  diffusion  of  space 
charge  down  its  density  gradient. 


PREVIOUS  EXPERIMENTAL  WORKS 

The  classical  electrode  effect  has  been  observed  on  few  occasions.  Muhleisen  [9]  reported 
electric-field  profiles  over  Lake  Constance,  during  very  light  winds  and  strong  stability  in  what  must 
have  been  very  clean  air,  which  agree  well  with  calculations. 

Pluvinage  and  Stahl  [10]  measured  the  positive  and  negative  polar  conductivities  simulta¬ 
neously  1.5  m  above  the  Greenland  ice  cap,  where  they  found  typical  values  of  electric  field  and 
nucleus  count  to  be  100  V/m  and  5  X  108  m'3  respectively.  Their  only  low-wind  observation 
(1  m/s)  gives  A*  =  1.60  X  10'14,  A_  =  0.16  X  10'14,  and  A+  -  A_  =  1.64  X  10~14  mho/m,  the 
difference  being  measured  by  a  separate  instrument  to  give  a  check.  These  numbers  yield  a  conduc¬ 
tivity  ratio  of  A  +  /  A  _  =  10.3,  which  is  rather  large  for  the  stated  conditions  but  could  be  in  error  by 
a  substantial  factor.  Without  discussing  the  electric-field  strength,  Ruhnke  [11]  also  observed  the 
polar  conductivities  over  the  ice  on  Greenland.  He  reported  that  X+  averaged  3.3  X  10' 14  mho/m, 
independent  of  height,  whereas,  for  wind  speeds  less  than  0.5  m/s.  A-  increased  from  0.75  X  10' 14 
mho/m  at  the  surface  to  about  1.3  X  10' 14  mho/m  at  a  height  of  1.8  m.  For  comparison,  we  can 
interpolate  a  value  for  the  conductivity  ratio  at  1.5  m  of  about  2.75. 

Neither  Pluvinage  and  Stahl  nor  Ruhnke  seem  to  have  taken  pains  to  prevent  contamination  of 
their  measurements  by  the  distortion  of  the  earth's  field  around  an  elevated  and  grounded  instru¬ 
ment.  However,  if  we  assume  equal  mobilities  for  positive  and  negative  ions,  negligible  aerosol 
density,  and  a  field  of  100  V/m  at  the  surface,  we  can  compare  their  conductivity  ratios  with  the 
corresponding  ratio  of  small-ion  densities  of  1.55  computed  by  Hoppel  [3] .  Increasing  the  surface 
field  would  increase  this  ratio  by  thickening  the  electrode  layer. 

The  nonturbulent  electrode  effect  in  clean  air  with  a  nonuniform  ionization  profile  has  been 
studied  in  an  excellent  series  of  papers  by  Crozier  [12,13]  and  Crozier  and  Biles  [14] .  Their  obser¬ 
vations  show  that  the  space  charge  can  reverse  from  positive  in  the  lowest  10  or  20  cm  to  negative 
above,  yielding  a  reversed  electrode  effect.  Good  agreement  between  theory  and  measurement  has 
been  shown  by  Hoppel  |6] .  Unfortunately  no  conductivity  measurements  were  made. 
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Hogg  [  15] ,  working  in  fields  of  the  order  of  400  V/m  in  the  polluted  atmosphere  at  Kew 
Observatory  (typical  total  conductivity,  0.2  X  10' 1,1  mho/m)  and,  according  to  Higazi  and 
Chalmers  [161 ,  “in  most  cases  in  still  air’’  reported  that  the  positive  polar  conductivity  decreased 
with  height  over  the  lowest  meter  while  the  negative  component  increased  such  that  the  total 
remained  nearly  constant  with  height.  The  space  charge  was  positive,  both  at  the  surface  and  at 
12.5  cm,  and  was  nearly  all  on  aerosol  particles,  but  its  magnitude  was  small  enough  that  there 
was  no  significant  variation  of  electric  field  with  height,  in  contrast  to  Crozier’s  observations. 

The  decrease  in  X+  with  increasing  height  can  lie  explained  only  by  surface  (or  trapped) 
radioactivity,  and  the  increase  in  with  height,  as  well  as  the  shallowness  of  the  layer,  suggests 
that  the  nonturbulent  electrode  effect  is  operative.  It  would  appear  that  the  situation  observed 
by  Hogg  is  similar  to  a  case  solved  by  Hoppel  [3]  in  which  ground  radioactivity  and  significant 
aerosol  density  together  confine  the  electrode  effect  to  a  thin  layer  and  reduce  the  variation  of 
electric  field  with  height.  This  solution  gives  conductivity  profiles  of  the  type  described  but  is 
applicable  to  extremely  weak  mixing  which  could  be  expected  only  under  calm  conditions  without 
direct  sunlight. 

Hogg  took  great  care  to  assure  that  his  conductivity  profiles  were  not  distorted  by  the  intro¬ 
duction  of  an  elevated  and  grounded  instrument  into  an  ambient  electric  field.  His  approach  of 
using  varying  lengths  of  cardboard  tubing  with  their  tops  equalized  by  guard  rings  to  the  ambient 
potential,  to  extend  the  grounded  Gerdien  intakes  from  the  surface  to  the  desired  height,  was  shown 
to  cause  only  a  small  diffusions!  loss  of  ions  to  the  tutx'  walls.  Hogg  gives  indications,  however  (in 
his  section  3.A.d),  that  the  field  at  the  mouth  of  the  intake  tube  may  have  a  significant  influence 
on  the  relative  numbers  of  positive  and  negative  ions  entering.  It  would  seem  safer  to  equalize 
the  Gerdien  condenser  itself  to  the  ambient  potential  when  making  elevated  measurements,  so  as 
to  eliminate  the  strong  axial  field  in  the  tube. 

A  number  of  experimenters  have  investigated  the  turbulent  electrode  effect  in  varying  degrees 
of  complexity.  Over  Greenland,  where  there  is  uniform  ionization  and  negligible  aerosol  loading, 
I'luvinage  and  Stahl  [10]  and  Ruhnke  [11]  have  shown  that  the  conductivity  ratio  decreases 
toward  unity  with  increasing  wind  speed.  If  the  ratio  data  taken  by  the  former  workers  at  Station 
Centrale  are  plotted  against  wind  speed  u,  which  ranged  from  1  to  7  m/s  (with  the  plot  excluding 
two  points  without  wind  data  and  two  with  excessive  disagreement  between  tne  calculated  and 
observed  values  of  X+  -X_),  the  linear  relation  X+/X^  =  7.54  -  0.89 u  can  be  fitted  with  a  correla¬ 
tion  coefficient  of  0.69,  significantly  different  from  zero  at  the  Y'A  level.  Furthermore  Ruhnke’s 
measurements  suggest  that  at  any  level  X_  increases  with  wind  speed.  Except  that  neither  paper 
gives  evidence  of  a  decrease  in  X+  with  increasing  turbulence,  both  of  these  results  are  in  agreement 
with  the  theoretical  predictions  of  Hoppel  [6]  and  myself  [8] .  With  increasing  wind  speed  at  a 
given  height,  the  negative-ion  density  should  increase  and  the  positive-ion  density  should  decrease, 
as  the  classical  electrode  effect  is  destroyed,  until  they  become  approximately  equal.  Thereafter 
both  ion  densities  should  decrease  due  to  a  thickening  of  the  layer  over  which  turbulence  trans¬ 
ports  ions  to  the  surface. 

Hoppel  and  Gathman  1 1 7 1  measured  positive  and  negative  conductivity  alternately  about  1  m 
above  the  tropical  ocean  where  the  aerosol  density  was  2  X  108  to  4  X  108  m'3.  From  the  com¬ 
puted  ion  densities  in  their  Table  1.  and  assuming  q  =  1.2  X  106  m-3  s"1 ,  a  =  1.4  X  10~12  m3  s'1 , 

Z  -  3  X  108  m~3,  (J0  =  1.4  X  10"1 2  m3  s'1 ,  and  (3l  =  4.0  X  10" 12  m3  s”1  (|30  and  jjj  being  com¬ 
bination  coefficients  between  small  ions  and  uncharged  and  oppositely  charged  nuclei  respec¬ 
tively),  we  can  calculate  average  values  of  n+/nm  -  0.86,  n_  /n«,  =  0.50,  and  n  +  /n.  =  1.78,  where 
nx  =  7.66  X  108  m  3  is  the  equilibrium  ion  density  under  these  conditions.  The  electric-field 
magnitude  and  bulk-aerodynamic  eddy-diffusion  coefficient  at  1  m  during  these  measurements 
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averaged  151  V/m  and  0.080  m-  s  1 ,  so  (ho  closest  numerical  solution  (A0  1  at)  V'  m.  M  1  nil 

0.59  m-  s  1  .  and  /.  =  0)  gives  n+ln^  -  0.94,  n  In «,  =  0.51,  and  njn  -  1.85.  Since  the  addition 
of  a  small  concentration  of  nuclei  in  other  model  calculations  of  Hoppel  and  (lathman  |  7  |  has  Seen 
shown  to  reduce  n+m^  and  n_ln^,  somewhat  (by  thickening  the  electrode  layer)  without  much 
change  to  n4jn_ ,  this  can  he  regarded  as  good  agreement.  However,  again  no  pains  were  taken  to 
equalize  the  conductivity  instrumentation  to  the  ambient  potential. 

Measurements  over  land  are  made  more  difficult  to  interpret  by  nonuniform  ionization  and 
significant  aerosol  concentrations.  Adkins  1 18| ,  working  in  the  clear  air  at  Cavendish  Laboratory, 
observed  that  in  fields  larger  than  500  V/m  (but  not  high  enough  for  corona)  the  density  of  the 
upward-moving  ions  (measured  with  an  ion  counter  110  cm  above  the  ground)  was  reduced,  sug¬ 
gesting  that  the  classical  electrode  effect  can  overpower  the  complications  of  turbulence,  aerosol 
particles,  and  radioactivity  if  the  fields  are  strong  enough.  Law  1 19] ,  also  at  Cavendish  but  working 
in  fields  weaker  than  100  V/m,  found  that  the  density  of  both  positive  and  negative  small  ions 
decreased  with  increasing  height  in  the  lowest  1  m  over  short  grass.  This  decrease  was  more  pro¬ 
nounced  at  night  than  in  daytime  and  can  probably  be  explained  in  terms  of  surface  and  trapped 
radioactivity,  as  long  as  the  turbulent  mixing  was  not  too  strong.  Neither  Adkins  nor  Law  appears 
to  have  equalized  his  instrumentation,  although  Law  at  least  was  aware  of  the  potential  problems. 

Law  also  measured  the  space-charge  density  at  a  height  of  about  50  cm,  finding  that  it  reversed 
sign  from  negative  at  night  to  positive  by  day.  In  a  nonturbulent  atmosphere,  for  the  conduction- 
current  density  to  be  nondivergent  when  a  downward  electric  field  is  imposed  on  a  region  of  down¬ 
ward  conductivity  gradient,  a  negative  space  charge  is  required  in  the  steady  state.  This  is  clearly 
inconsistent  with  the  daytime  measurements,  and  Law  showed  that,  even  at  night,  the  negative 
charge  density  was  too  small  to  be  in  equilibrium  with  the  observed  fields  and  ion-density  profiles. 

The  additional  evidence  that  the  electric  field  at  Cavendish  did  not  change  much  with  height  com¬ 
pletes  his  convincing  argument  for  the  existence  of  convection  currents,  stronger  by  day  but  still 
acting  at  night,  supplying  positive  charge  at  the  50-cm  level  by  convergence. 

Crozier  [  13 1  showed  that  the  reversed  electrode  effect  observed  at  his  New  Mexico  site  on 
calm  nights  was  destroyed  by  a  wind  of  1  m/s  or  more.  Hoppel  [6]  showed  that  this  observation 
could  be  explained  in  his  model  by  a  combination  of  reduced  radon  trapping  and  increased  turbulent 
mixing.  Therefore  both  Crozier's  and  Law’s  measurements  show  the  effects  of  weak  turbulence  in 
transporting  positive  charge,  produced  in  the  lowest  10  to  20  cm  by  the  classical  electrode  mechanism, 
upward  to  neutralize  or  reverse  the  negative  charge  deposited  above  by  convergence  of  the  conduc¬ 
tion  current. 

In  an  effort  to  resolve  the  apparent  disagreement  between  the  near-uniform  profile  of  conduc¬ 
tivity  observed  by  Hogg  at  Kew  [15]  and  the  decrease  of  conductivity  with  increasing  height 
implied  by  Law's  measurements  at  Cavendish  1 19] ,  Higazi  and  Chalmers  [  16]  repeated  some  of 
Hogg's  work  at  Durham,  under  conditions  closer  to  those  in  Law’s  experiment.  Typical  values  of 
total  conductivity  and  electric  field  at  Durham  were  1.1  X  10  11  mho/m  and  115  V/m  respectively, 
and  the  results  were  in  general  agreement  with  those  of  Law,  Both  the  positive  and  the  negative 
polar  conductivities  decreased  with  increasing  height  over  the  lowest  meter,  and  the  conductivity 
ratio  A,  A  at  the  surface  was  always  greater  than  unity.  Furthermore  both  the  slope  of  the  profiles 
and  the  magnitude  of  the  ratio  decreased  systematically  with  increasing  wind  speed 

Although  the  conductivity  ratio  at  the  ground  shows  the  expected  behavior  with  wind  speed, 
the  observed  decrease  in  both  polar  conn.,,  tivities  with  height,  even  at  winds  as  high  as  10  m/s. 
contradicts  the  theoretical  results  of  Hoppel  and.  even  more  so,  my  results.  One  is  tempted  to  blame 
this  disagreement  on  surface  radioactivity,  which  can  cause  a  nonuniform  ionization  profile,  even 
when  the  radon  gas  is  well  mixed,  due  to  the  short  range  of  alpha  and  beta  particles  emitted  by 
radioactive  materials  on  the  surface. 
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To  estimate  the  effect  of  these  emissions,  we  can  compare  the  rate  at  which  positive  and 
negative  ions  are  expected  to  diffuse  to  the  ground,  according  to  my  theory,  with  the  pair-production 
rate  due  to  surface  radioactivity.  The  latter  has  been  estimated  by  Hoppe)  |3]  as 


where  the  first  term  represents  beta  ionization  and  the  second  term  corresponds  to  alpha  particles. 
Vertical  integration  of  this  formula  from  the  surface  to  height  h  yields  1.87,  2.93,  and  3.13  X  108 
pairs/m2  s  for  h  =  20  cm,  h  =  1  m,  and  h  -*  °°  respectively. 


The  diffusive  flux  F  of  ions  to  the  surface  can  be  calculated  from  the  simplified  model  developed 
in  the  next  two  sections  of  this  report.  Using  the  approximate  expression  for  ion  density  implied  by 
Eqs.  ( 1)  and  (2)  from  these  next  two  sections,  we  get 


F=-k(z) 


dz  2  In  2 \J z0/L 


where  nx  is  the  equilibrium  ion  density  far  from  the  surface,  z0  is  the  roughness  height,  and  L  is  the 
height  scale  of  the  profile.  This  diffusive  flux  is  constant  over  the  lowest  few  centimeters.  Assuming  a 
typical  value  of  n M  =  3.0  X  108  m“  3  and  taking  the  other  parameter  values  from  Table  3  in  the  next 
section,  we  obtain  F  =  -7.5  X  106  and  -4.5  X  106  ions/m2  s  for  roughness  heights  z0  =  1  cm  and 
2  mm  respectively. 


These  calculations  indicate  that  the  ionization  due  to  surface  radioactivity  is  too  small  to  bal¬ 
ance  the  diffusive  flux  to  the  surface,  even  if  the  former  is  integrated  over  the  entire  ionized  layer 
If  a  uniform  background  of  radon,  surface-gamma-ray,  and  cosmic -ray  ionization  of  107  pairs/m3  s 
is  included,  the  total  ionization  below  about  50  cm  is  still  too  small  (even  neglecting  ion  losses  due 
to  recombination  and  aerosol  attachment),  requiring  the  turbulent  ion  transport  at  that  level  to  be 
downward,  or  the  ion-density  gradient  to  be  upward.  It  is  therefore  difficult  to  explain  the  decrease 
in  conductivity  with  height  observed  by  Higazi  and  Chalmers  [16]  in  this  way.  It  remains  either 
to  question  the  concept,  central  to  the  theories,  that  ions  diffuse  to  an  absorbing  lower  boundary  or 
to  doubt  experimental  results  that  appear  quite  unimpeachable. 

Other  observations  from  Durham,  however,  seem  to  support  the  theoretical  models  impugned 
above.  Aspinal  [20]  concluded  from  surface  measurements  of  the  total  conductivity,  electric  field, 
and  total  current  (to  a  flush-mounted  Wilson  plate  covered  with  natural  sod)  that  the  current  density 
at  the  ground  was  made  up  of  a  conduction  component  averaging  -1.07  pA/m2  and  a  convection  com¬ 
ponent  averaging  0.95  pA/m2,  both  downward.  Although  the  conduction  current  showed  little 
diurnal  variation,  the  convection  current  appeared  to  vary  ±0.4  pA/m2,  in  nearly  perfect  correlation 
with  the  diurnal  variation  of  space-charge  density  measured  at  80  cm.  The  space  charge  itself  was 
always  positive,  with  a  maximum  at  night  and  minimum  in  the  afternoon.  These  results  suggest  that 
space  charge  is  being  transported  down  its  gradient  to  the  surface  by  turbulent  diffusion,  as  demanded 
by  the  theories  of  lloppel  and  of  myself. 

Aspinall’s  conclusions  could  be  questioned  by  two  counts.  First,  he  deduced  the  "surface  field” 
from  measurements  with  an  inverted  mill  at  1  m.  Although  the  measured  space-charge  densities 
were  fairly  low,  there  is  always  some  uncertainty  in  reducing  such  a  measurement  to  a  definite 
height,  as  pointed  out  by  Gathman  and  Trent  [  21  ] .  Second,  he  calculated  the  "surface  conduction- 
current  density"  from  the  polar  conductivities  measured  in  air  aspirated  through  intakes  flush  with 
the  ground.  Since  this  air  probably  came  from  a  layer  at  least  10  cm  thick,  there  would  have  been 
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a  systematic  error  in  X  if  the  conductivities  changed  with  height.  If  they  increased  with  height, 
as  I  predicted  [8] ,  the  resulting  underestimate  of  the  surface  convection  current  makes  the  obser¬ 
vations  more  compatible  with  the  theoretical  prediction  that  all  the  current  there  is  carried  by 
diffusion.  If  on  the  other  hand  the  polar  conductivities  decreased  with  height,  as  found  by  Iligazi 
and  Chalmers  [16] ,  the  convection  current  was  overestimated  and  could  have  been  negligible.  This 
question  can  be  settled  only  by  further  measurements. 


CONDUCTIVITY-PROFILE  EXPERIMENT 

In  an  effort  to  test  my  theoretical  predictions  and  to  clarify  the  nature  of  conductivity  profiles 
and  convection  currents  in  the  turbulent  electrode  layer,  1  carried  out  two  experiments  at  the 
Waldorf  Annex  of  the  Naval  Research  Laboratory,  an  atmospheric  electricity  observatory  pre¬ 
viously  described  by  Anderson  and  Dolezalek  [22] .  The  first  experiment  was  designed  to  measure 
profiles  of  polar  conductivity  over  grass  at  various  wind  speeds.  Four  Gerdien  chambers  were 
mounted  on  a  wooden  tower  as  shown  in  Fig.  1,  two  resting  on  an  aluminum  plate  on  the  ground, 
one  at  a  height  of  1  m,  and  one  at  5  m.  The  uppermost  sensor  and  the  top  of  the  tower  were  equal 
tzed  to  the  ambient  potential  by  means  of  a  voltage-follower  system  described  briefly  by  Gathman 
[23]  and  in  more  detail  by  Gathman  and  Trent  [24] .  The  middle  sensor,  although  isolated  from 
ground,  was  found  to  float  at  only  a  few  volts  and  can  be  considered  at  ground  potential.  The  lowest 
two  sensors,  and  the  Obolensky  space-charge  filter  mounted  beside  them,  were  grounded.  The  wind 
speed  and  direction  at  5  m  elevation  were  measured  on  another  tower. 

Cylindrical  Gerdien  tubes  constructed  of  stainless  steel  were  used  in  this  experiment.  A  central 
electrode  12.7  mm  (1/2  in.)  in  diameter  and  20.3  cm  (8  in.)  long  was  held  at  instrument  ground 


Fig.  1  —  Apparatus  for  the  conductivity-profile  experiment.  The  wind 
ward  (near)  tower  supports  Gerdien  chambers  5  m  and  1  m  above  the 
two  Gerdiens  and  the  Obolensky  filter  on  the  ground.  The  radioactive 
probe  for  the  potential  equalizing  system  is  mounted  at  the  top  of  the 
leeward  (far)  pole.  The  white  box  at  the  left  contains  batteries  for 
accelerating  voltage  and  isolation  amplifiers. 
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I m >t i*nt lal  by  a  I’hilbrick  1702  parametric  operational  amplifier  configured  as  a  current  amplifier. 

I  bis  probe  was  mounted  concentrically  inside  an  accelerating  electrode  40.6  cm  ( 16  in.)  long  with 
a  0.8  1  cm  ( 3-7  8-in.)  inside  diameter  to  which  approximately  ^48  V  was  supplied  by  batteries.  The 
measured  capacitance  between  probe  and  accelerating  cylinder  in  this  configuration  was  6.06  pF  *  1% 
and  the  aspiration  rate  was  estimated  at  0.02  m:!/s,  giving  a  critical  mobility  of  about  6  X  10  *  m2/V  s 

These  instruments  were  operated  with  an  overall  sensitivity  of  about  4.3  V  per  10'14  mho/m, 
each  being  calibrated  to  an  accuracy  of  +2 %.  However,  this  uncertainty  does  not  take  into  account 
errors  due  to  partial  truncation  of  the  ion  spectrum  at  the  high-mobility  end  or  to  the  turning  away 
of  ions  by  the  accelerating  field  at  the  intake.  A  current-voltage  characteristic  of  one  of  the  chambers 
was  plotted  for  negative  ions  in  ambient  laboratory  air  having  a  polar  conductivity  of  0.92  X  10  14 
mho  m.  This  curve  began  to  deviate  from  a  straight  line  for  accelerating  voltages  greater  than  20  V 
anil  indicate  an  underestimate  of  the  conductivity  by  about  6%  at  50  V. 

The  Obolensky  filter  used  to  measure  space  charge  at.  the  lowest  level  has  been  described  by 
Anderson  [25] .  The  current  collected  by  an  insulated  tube  filled  with  steel  wool  and  absolute  filters 
and  aspirated  at  2.1  X  10  2  m3/s  was  measured  with  another  Philbrick  1702  operational  amplifier. 
The  overall  sensitivity  of  this  instrument  was  0.21  V  per  pC/m3  t  10% . 

The  conductivity-profile  experiment  was  carried  out  during  the  spring  of  1977.  Periods  when 
the  wind  was  from  an  acceptable  direction,  giving  a  fairly  uniform  surface  of  grass  over  an  unob¬ 
structed  upwind  fetch  of  about  100  m,  were  divided  into  experimental  runs.  During  each  run  one 
Gerdien  tube  at  each  level  measured  a  given  polarity  of  conductivity,  the  fourth  instrument  (at  the 
lowest  level)  measuring  the  opposite  polarity.  Between  runs  the  drift  of  all  instruments  was  checked 
by  stopping  the  aspiration  of  the  Obolensky  filter  and  zeroing  the  accelerating  voltages  of  the 
Gerdien  tubes.  This  permitted  linear  trends  to  be  fitted  to  the  zero  drifts  of  the  electronics  so  that 
they  could  be  removed  from  the  data. 

All  data  were  recorded  once  a  second  by  a  digital  data-acquisition  system  after  analog  and 
numerical  filtering  to  control  aliasing.  Table  1  shows  the  averages  for  each  run,  ranked  in  order  of 
decreasing  wind  speed,  after  zero  correction  and  application  of  calibration  factors.  All  runs  except 
the  last  two  were  during  the  daytime  in  weather  ranging  from  cool  and  clear  to  hot  and  humid  with 
variable  cloudiness.  The  two  runs  at  the  lowest  wind  speeds  occurred  after  sunset.  The  sign  of  the 
conductivity  readings  indicates  the  polarity  of  conductivity  being  measured.  The  lowest  level  has 
been  arbitrarily  assigned  a  height  of  20  cm. above  the  surface,  this  being  a  reasonable  upper  bound 
on  the  height  from  which  air  entering  its  instruments  could  have  come. 

Superficial  examination  of  the  data  in  Table  1  is  facilitated  by  the  first  four  rows  in  the  bottom 
section,  which  give  averages  over  all  runs  for  which  the  uppermost  Gerdien  tube  measured  positive 
polar  conductivity  (A  +  runs),  averages  over  all  runs  when  the  uppermost  tube  measured  negative 
conductivity  ( X  _  runs),  overall  averages  of  all  runs  regardless  of  polarity,  and  standard  deviations 
around  these  overall  averages.  Finally,  in  the  last  three  rows,  Student’s  t  parameters  expressing  the 
differences  between  the  first  two  averages  in  each  column  are  given  to  allow  the  significance  of 
these  differences  to  be  assessed. 

Since  we  will  be  primarily  interested  in  comparing  the  shapes  of  the  polar-conductivity  profiles, 
it  is  reassuring  to  note  several  features  of  these  data.  First,  the  conditions  seem  to  be  relatively 
stationary  between  the  set  of  eleven  Xt  runs  and  the  set  of  six  X  runs:  average  wind  speeds  for  the 
X  *  and  X  runs  are  similar,  and  average  pole-top  potentials  and  space-charge  densities  each  differ 
by  only  13%.  Furthermore,  the  magnitudes  of  the  mean  positive  and  mean  negative  polar  conduc¬ 
tivities  at  the  uppermost  (5-m)  level  arc  nearly  identical.  These  features  suggest  that  any  differences 
detected  between  the  mean  conductivity  profiles  should  not  be  dismissed  on  the  grounds  that  the 
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two  data  sots  were  chosen  from  different  populations.  Second,  there  do  appear  to  lie  real  differ¬ 
ences  between  profiles.  For  example,  although  the  individual  mean  polar  conductivities  at  the  lowest 
level  (0.2  m)  show  excellent  agreement  between  the  two  sets  of  runs  (respecting  the  opposite 
polarity  of  the  measurements  by  the  two  instruments),  there  is  a  difference  between  A*  and  X  at 
20  cm  which  is  significant  at  the  5%  level  for  one  of  the  Gerdien  tubes  (X.2/1 )  and  at  the  1%  level 
If  =  3.04,  28  degrees  of  freedom)  when  both  data  sets  are  combined  respecting  measurement 
polarity. 

Unfortunately,  as  with  many  meteorological  data,  there  is  enough  variability  among  runs  that 
averages  of  the  sort  discussed  tend  to  obscure,  rather  than  to  illuminate,  the  behavior  of  the  profiles. 
This  variability  manifests  itself  in  Table  1  in  the  form  of  large  standard  deviations  about  the  overall 
averages  (coefficient  of  variation  20  to  50%)  and  is  due  primarily  to  two  factors.  The  first  is  run-to- 
run  change  in  meteorological  conditions  such  as  wind  speed  (measured)  or  aerosol  density  (not 
measured).  Insofar  as  variance  can  be  ascribed  to  changes  in  measured  parameters,  substantive  con¬ 
clusions  result,  but  variance  due  to  unmeasured  parameters  must  be  eliminated  as  much  as  possible. 

A  second  and  more  troublesome  cause  of  variability  among  run  averages  is  the  existence  of  secular 
trends  during  runs,  increasing  the  uncertainty  in  the  individual  averages. 

A  detailed  examination  of  the  time  series  during  several  runs  has  led  to  an  artifice  for  reducing 
the  effect  of  secular  trends.  It  was  observed  that  a  substantial  fraction  of  the  total  variance  of  polar 
conductivity  at  a  given  level  belonged  to  the  lowest  frequencies.  Even  after  removal  of  the  linear 
trend,  which  typically  accounted  for  around  30%  of  the  variance,  spectral  analysis  indicated  integral 
time  scales  of  the  order  of  70  s.  Furthermore,  the  slow  variations  in  conductivity  at  different  levels 
tended  to  parallel  one  another. 

It  was  found  that  a  new  time  series  constructed  of  the  ratio  of  the  instantaneous  conductivity 
measured  at  one  of  the  lower  levels  to  that  at  5  m  behaved  much  better.  Only  about  47c  of  the  total 
variance  of  such  a  ratio  time  series  belonged  to  the  linear  trend,  and  the  integral  scale  was  more  like 
15  s.  The  conclusion  was  that  the  uncertainty  in  averages  of  these  ratios  was  comparable  to  the  in¬ 
strument  calibration  accuracy  of  +2%,  as  compared  with  a  typical  uncertainty  of  about  9 %  in  aver¬ 
ages  of  raw  conductivity  over  a  run.  Therefore  attention  will  be  confined  to  run  averages  of  these 
conductivity  ratios  in  what  follows.  An  additional  benefit  of  this  procedure  is  the  removal  of  some 
of  the  influence  of  unmeasured  variables  such  as  aerosol  density. 

The  ratio  data  for  selected  runs  are  listed  in  Table  2.  Omitted  are  four  runs  for  which  data 
from  one  of  the  Gerdien  tubes  was  missing  and  two  more  whose  representativeness  could  be  ques¬ 
tioned  because  of  anomalously  low  charge-density  measurements.  The  ratios  tabulated  in  columns 
6  through  8  are  identified  by  the  two  conductivities  involved;  for  example  X.2A/X5  is  the  average 
of  the  ratio  of  the  polar  conductivity  measured  by  the  first  of  the  two  instruments  at  20  cm  to  that 
measured  by  the  one  at  5  m  (refer  to  the  headings  in  Table  1).  The  signs  of  these  ratios  indicate  the 
polarity  of  the  conductivity  in  the  numerator  only.  Column  9  in  the  table  expresses  the  magnitude  of 
negative  polar  conductivity  relative  to  the  positive  polar  conductivity  at  the  20-cm  level. 

Averages  for  the  columns  are  presented  in  the  first  three  rows  in  the  lower  section.  Given  in 
the  last  four  rows  are  two  kinds  of  Student’s  t  values  to  facilitate  estimates  of  the  statistical  signif¬ 
icance  of  these  averages:  the  t  values  labeled  “f+,”  “f_  and  “overall  f”  measure  the  departures 
from  unity  of  the  magnitude  of  the  averages  for  the  X+  runs,  the  X.  runs,  and  all  runs  respectively. 
The  t  values  labeled  “difference  I”  measure  the  difference  between  the  magnitudes  of  the  averages 
for  X+  runs  and  X..  runs,  as  in  Table  1.  Those  t  values  significant  at  the  1%  level  have  been  enclosed 
in  boxes. 

Profiles  of  the  magnitudes  of  the  conductivity  ratios  have  been  plotted  in  Fig.  2.  The  runs  have 
been  arbitrarily  separated  into  six  groups:  X+  runs  and  A_  runs  with  wind  speed  less  than  2.5, 
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Table  1  —  Average  data  for  each  run  in  the  1977  conductivity-profile  experiment.  I’he  sign  of 
the  conductivity  in  columns  7  through  10  refers  to  the  polarity  of  ions  being  collected.  The 
t  value  enclosed  in  the  box  is  significant  at  the  5/f  level. 


Run 

Date 

(1977) 

Length 

(min) 

Wind 

Speed 

(m/s) 

Pole-Top 

Potential 

(kV) 

Space 

Charge 

(pC/m3) 

Polar  Conductivities  (10  11 

mho/m ) 

X5 

(5  m) 

XI 

(1  m) 

X.2  A 
(0.2  m) 

X.2  B 
(0.2  m) 

1 

May  1 

38‘/2 

4.02 

0.498 

— 

0.394 

0.473 

0.419 

-0.386 

2 

May  1 

45 

3.87 

0.330 

1.5 

-0.319 

-0.345 

0.305 

0.341 

3 

Apr.  28 

25 

3.81 

0.321 

12.5 

0.615 

0.659 

0.522 

-0.531 

4 

Apr.  28 

39 

3.78 

0.446 

14.1 

0.629 

0.693 

0.600 

0.501 

5 

May  1 

35 

3.73 

0.423 

— 

0.525 

0.607 

— 

0.511* 

6 

Apr.  28 

38 

3.63 

0.319 

17.4 

-0.658 

0.653 

-0.488 

0.583 

7 

May  6 

47'/2 

3.62 

0.767 

20.1 

0.633 

0.553 

0.400 

0.613 

8 

Apr.  28 

49 

3.44 

0.469 

13.5 

-0.633 

-0.618 

0.474 

0.570 

9 

May  1 

44 

3.42 

0.344 

3.2 

0.325 

0.397 

0.337 

-0.357 

10 

May  6 

44'/2 

3.31 

0.599 

17.9 

0.721 

0.805 

0.604 

-0.4^7 

11 

May  6 

43 

3.29 

0.444 

15.9 

0.716 

0.677 

-0.496 

— 

12 

May  6 

36‘/2 

3.26 

1.036 

25.5 

0.706 

0.783 

0.621 

- 

13 

May  6 

22 

3.12 

0.552 

20.7 

0.868 

0.951 

0.723 

— 

14 

Apr.  28 

4  2  Vi 

3.09 

0.523 

15.6 

0.571 

0.649 

0.540 

0.466 

15 

May  8 

37  VS 

2.48 

0.619 

14.0 

0.410 

0.519 

0.414 

0.320 

16 

May  8 

49  Vi 

2.11 

0.602 

16.3 

-0.471 

-0.451 

0.326 

0.494 

17 

May  8 

20 

1.01 

. 

0.768 

27.3 

0.506 

0.622 

0.545 

-0.369 

Average,  X+  runs 

3.18 

0.557 

16.0 

0.570 

0.651 

0.536 

-0.428 

Average,  X_  runs 

3.33 

0.489 

14.1 

-0.572 

-0.550 

0.415 

0.520 

Overall  average 

3.23 

0.533 

15.3 

0.571 

0.615 

0.490 

0.464 

Overall  std.  dev. 

0.75 

0.190 

7.8 

0.152 

0.153 

0.118 

0.099 

t  value* 

— 

— 

— 

-0.021 

1.34 

1  2.22  1 

1.76 

Degrees  of  freedom  t 

— 

— 

— 

15 

15 

14 

11 

5%  level! 

— 

— 

2.13 

2.13 

2.15 

2.20 

"This  value  is  positive  because  the  instrument  polarity  was  set  to  provide  a  substitute  value  for  the  missing  X.2 A  value. 
•fTest  of  the  difference  of  the  average  of  the  X+  runs  and  the  average  of  the  X_runs. 
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Table  2  —  Average  conductivity  ratios  (referred  to  the  uppermost  level)  for  selected  runs.  The  sign  of  the  ratio  refers  to  the 
polarity  of  the  numerator  only.  The  notation  X.2  indicates  a  negative  polarity  measured  by  either  X.2 A  or  X.2B. 
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Averages  of  the  indicated  ratios  of  measured  polar  conductivities,  as  described  in  the  text. 
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between  2.5  and  3.5,  and  greater  than  3.5  m/s.  Each  profile  is  labeled  with  its  mean  wind  speed  and 
plotted  relative  to  a  value  of  1.0  at  5  m.  The  three  ratios  of  the  same  polarity  are  connected  with  line 
segments,  and  the  fourth  (X.2B/X5,  with  a  negative  polarity  for  X+  runs  and  a  positive  polarity  for 
X  runs)  is  plotted  separately  using  the  same  symbol. 

Before  discussing  the  significance  of  these  profiles,  1  reemphasize  that  the  Gerdien  instrument 
at  the  1-m  level  was  not  equalized  and  hence  floated  near  ground  potential.  An  imbalance  of  the 
order  of  100  V  generally  existed  between  it  and  the  ambient  atmosphere,  and  the  data  at  1  m  should 
therefore  be  viewed  with  skepticism.  Such  an  imbalance  would  be  expected  to  cause  some  under¬ 
estimation  of  the  negative  polar  conductivity,  due  to  the  repulsion  of  negative  ions  from  the  intake, 
but  to  have  little  effect  on  the  measurement  of  the  positive  component.  Consequently  it  is  hard  to 
explain  away  the  highly  significant  maximum  of  X+  observed  at  that  level  by  this  mechanism.  One 
might  even  suspect  the  existence  of  a  similar,  though  smaller,  maximum  in  the  true  negative  con¬ 
ductivity  at  1  m  as  well. 


AVERAGE  CONDUCTIVITY  RATIO 


Fig.  2  —  Profiles  of  the  magnitudes  of  the  average  conductivity  ratios.  The  runs  have 
been  separated  into  three  columns  according  to  wind  speed  (with  which  each  profile 
is  labeled  in  meters  per  second)  and  into  two  rows  according  to  the  polarity  of  the 
conductivity  measured  by  three  of  the  four  Gerdien  tubes.  The  four  data  points  for 
each  profile  are  plotted  with  a  common  symbol,  with  the  three  of  the  same  polarity 
being  connected  by  line  segments. 
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Tin-  picture  emerging  from  Table  2  and  Fig.  2  depends  on  whether  or  not  the  measurements  at 
the  1-m  level  are  accepted.  If  so,  then  both  polar  conductivities  strongly  increase  with  height  in  the 
lowest  meter  (indicated  in  the  last  two  columns  of  Table  2),  in  agreement  with  my  |8|  conclusion 
that  ions  diffuse  to  the  surface,  where  they  are  annihilated.  The  observed  decrease  in  X+  from  1  m 
to  5  m  must  be  explained  in  terms  of  greatly  increased  ionization  in  the  lowest  few  meters,  perhaps 
caused  by  p'  emission  from  the  surface.  The  classical  electrode  effect  is  clearly  felt  at  20  cm,  where 
X_/X+  is  significantly  less  than  unity.  Because  of  possible  underestimation  of  X_  at  1  m,  however, 
it  is  difficult  to  say  whether  X_  is  really  less  than  X+  there  or  not. 

If  this  view  of  the  situation  is  correct,  one  would  expect  X_/X+  at  20  cm  to  increase  toward 
unity  and  both  A+  and  X_  at  1  m  to  decrease  relative  to  their  values  at  5  m,  as  the  wind  speed  in¬ 
creases  and  the  conductivity  profiles  become  dominated  by  turbulent  mixing.  Although  the  range 
of  wind  speeds  obtained  in  this  experiment  was  not  very  great,  a  correlation  coefficient  of  +0.63, 
significantly  different  from  zero  at  the  5%  level,  was  indeed  found  between  the  ratio  l(X.2-/X5)/ 
(X.2+/X5)|  and  the  wind  speed.  No  relationship  was  found  between  X_  at  1  m  and  wind  speed; 
but  the  correlation  between  X1/X5  and  wind  speed  for  X+  runs,  though  not  statistically  significant, 
measured  -0.70  in  accordance  with  theory. 

If,  on  the  other  hand,  the  conductivity  measurements  at  1  m  are  completely  excluded  from 
consideration,  we  are  left  with  only  the  strong  increase  in  from  20  cm  to  5  m.  This  could  be 
explained  by  the  classical  electrode  effect  without  recourse  to  the  annihilation  of  ions  at  the  surface. 
Combining  all  measurements  of  X+  at  20  cm  leads  to  an  average  X.2+/X5  (column  10  in  Table  2) 
somewhat  less  than  unity  and  a  correlation  coefficient  of  -0.59  with  wind  speed,  but  neither  of 
these  statistics  is  significant  at  the  5%  level. 

For  comparison  with  the  above  experimental  results,  I  have  derived  a  theoretical  ion-density 
profile.  Since  the  height  scale  of  this  profile  can  be  substantially  decreased  by  the  effect  of  aerosol 
attachment  on  the  small-ion  lifetime,  1  decided  not  to  use  the  profiles  in  Ref.  8  directly.  Instead, 

I  made  the  following  four  assumptions:  my  conclusion  that  the  profiles  of  polar  ion  density  become 
similar  and  independent  of  the  electric  field  in  a  limit  of  strong  turbulence  remains  valid,  my  lower¬ 
boundary  condition  that  the  mean  ion  density  vanishes  at  the  roughness  height  z0  over  an  aero¬ 
dynamic-ally  rough  surface  also  remains  valid,  aerosol  attachment  replaces  recombination  as  the 
dominant  ion-loss  process  (true  over  land  for  Z  >  5  X  109  m"  3),  and  a  simple  linear  model  can  be 
used  for  the  aerosol  attachment  rate  (true  if  the  electric  field  and  charge  density  are  not  too  large). 

Using  an  eddy-diffusion  model  for  the  turbulent  flux  of  ions,  I  obtained  an  equation  for  the 
small- ion  density  n  in  the  steady  state: 


-K  —  z  —  n  =  q  -  pnZ  , 
dz  dz 

where  K  is  a  constant  proportional  to  wind  speed,  as  I  introduced  on  page  4,  and  /?  is  the  effective 
aerosol  attachment  coefficient.  This  equation  has  the  solution 

n(z)  =  noc[l-  K0(2v^7I)/K0(2v^7r)]  ,  (1) 

where  n«,  =  q/(3Z  is  the  equilibrium  ion  density  far  from  the  surface,  L  =  K/fiZ  is  the  height  scale  of 
the  profile,  and  KQ(w)  is  the  modified  Bessel  function  of  the  second  kind,  order  zero,  of  the  argu¬ 
ment  w.  Results  computed  from  this  solution  are  given  in  Table  3  for  a  mean  wind  speed  at  5  m  of 
4  m/s  and  two  values  of  the  roughness  height.  The  friction  velocity  u,  has  been  estimated  from  the 
logarithmic  wind  profile  at  neutral  stability,  and  I  have  taken  K  -  0.47u„,  following  my  earlier 
analysis  [8] .  Assumed  values  of  q  =  107  m”  3  s" 1  >  Z  =  2.1  X  10' 0  m”  3,  and  (3  =  1.6  X  10”  1 2  m3/s 
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Table  3  Computed  ion-density  ratios  based  on  a  5-m  wind  sjx'ed  of  4  m/s. 


for  two  values  of 

Roughness 

Friction 

Diffusion 

Height 

Height 

Velocity 

Constant 

Scale 

20 

u * 

K 

I. 

(cm) 

(m/s) 

(m/s) 

(m) 

1.0 

0.23 

0.11 

3.2 

0.2 

0.18 

0.085 

2.5 

roughness  length  z0 


Ion-Density  Ratios 

Ratio  Difference 

n(l  m) 

n{20  cm) 

n(  1  m)  n(20  cm) 

n( 5  m) 

n(5  m) 

n( 5  m)  n(5  m) 

0.869 

0.618 

0.252 

0.915 

0.735 

0.181 

(calculated  from  (1  =  2rj|  1(2  +  r/t/ rj0 )  with  =  4  X  10“12  m3/s  and  p0  =  1.4  X  lCT12  m3/s,  as 
before)  imply  n^  =  3.0  X  10H  m“3,  in  agreement  with  the  average  total  conductivity  at  5  m 
during  the  experiment. 

The  value  of  =  1  cm  used  in  Table  3  was  intended  to  approximate  the  (unknown)  value 
appropriate  for  our  surface,  which  was  grass  about  30  cm  tall  but  thin  and  sparse.  Decreasing 
^()  to  2  mm  changes  the  profile  considerably,  not  only  by  reducing  /,  through  but  also  by 
concentrating  more  of  the  gradient  near  the  surface  due  to  the  smaller  value  of  eddy  diffusivity 
there.  Although  neither  theoretical  profile  compares  well  overall  with  the  experimental  data, 
presumably  because  of  the  nonuniform  ionization  referred  to  above,  the  difference  in  computed 
ion-density  ratios  between  1  m  and  20  cm  agrees  fairly  well  with  the  same  difference  in  the  mea¬ 
sured  conductivity  ratios  listed  in  columns  12  and  13  of  Table  2. 

The  results  of  this  experiment  can  be  summarized  as  follows.  First,  although  there  is  some 
basis  for  questioning  the  conductivities  measured  at  1  m,  the  relative  maximum  in  A+  observed  at 
that  level  is  unlikely  to  have  been  caused  by  the  lack  of  equalization  of  the  instrument  and  is 
probably  real.  Second,  accepting  these  data  lends  support  to  the  theoretical  predictions  resulting 
from  the  supposed  diffusion  of  ions  to  the  absorbing  lower  boundary.  Third,  the  present  data 
conflict  with  those  published  by  Higazi  and  Chalmers  [16]  in  that  they  show  a  strong  increase 
in  both  polar  conductivities  with  height  in  the  lowest  meter.  * 


SURFACE-CURRENT  EXPERIMENT 

I  carried  out  another  experiment  at  the  Waldorf  site  in  an  effort  to  test  the  hypothesis  that 
the  current  is  diffusion  rather  than  conduction  at  the  ground.  The  concept  behind  this  experiment 
can  be  described  as  follows.  Hoppel  [6]  and  I  [8]  have  shown  that  the  boundary  condition  of 
vanishing  ion  density  at  the  surface  results  in  the  buildup  of  a  peak  in  the  charge-density  profile 
at  the  top  of  a  thin  diffusion  sublayer.  This  peak  is  maintained  from  above  by  convergence  of 
conduction  current  and  is  eroded  from  below  by  turbulent  diffusion  down  the  gradient  to  the 
absorbing  lower  boundary.  If  the  conduction  current  could  suddenly  be  shut  off  at  some  level  above 
the  charge-density  maximum,  the  theories  predict  that  the  current  at  the  surface  would  not  stop 
immediately.  Instead  it  should  gradually  decay  as  the  space  charge  is  depleted  by  diffusion  to  the 
surface. 

Since  the  total  current  arriving  at  the  ground  by  all  mechanisms  can  be  measured  with  a 
flush-mounted  Wilson  plate,  such  as  that  used  by  Aspinall  [20] ,  it  should  be  possible  to  test  the 
absorbing  boundary  condition  there  by  comparing  the  current  received  by  exposed  and  electro¬ 
statically  shielded  plates.  The  exposed  plate  is  used  to  monitor  the  total  current  density.  Another 
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identical  plate  is  covered  with  a  grounded  wire  mesh  to  shield  it  from  the  ambient  electric  field 
while  allowing  the  natural  space-charge  profile  to  he  adveeted  across  it  by  the  wind.  If  the  lower 
boundary  conditions  used  by  Hoppel  and  by  myself  are  correct,  the  covered  plate  should  measure 
a  nonnegligible  fraction  of  the  current  received  by  the  exposed  plate.  Futhermore,  since  the  thick¬ 
ness  of  the  diffusion  sublayer  and  the  rate  at  which  charge  is  adveeted  both  increase  with  increasing 
wind,  this  fraction  should  increase  with  wind  speed.  If  all  the  current  at  the  surface  is  carried  by 
conduction,  on  the  other  hand,  then  cutting  off  the  field  should  result  in  no  current  h.-ing  mea¬ 
sured  by  the  covered  plate. 

The  two  Wilson  plates  used  in  my  experiment  were  2.44-by-3.05-m  (8-by-10-ft)  aluminum 
frames  covered  with  sheet  aluminum  and  set  on  insulating  pads  in  pits  about  0.3  m  (1  ft)  deep 
(Fig.  3)  All  aluminum  surfaces  were  treated  with  Iridite™  dip,  a  proprietary  mixture  in  which 
the  main  ingredient  is  chromic  acid,  producing  a  weather-resistant  but  electrically  conductive  finish. 

In  operation,  both  plates  were  covered  with  rough  carpet,  shown  on  the  front  plate  in  the  photo¬ 
graph,  to  make  their  surface  geometry  more  similar  to  that  of  the  surrounding  short  grass.  This 
carpet  was  a  commercial  vinyl  material  which  was  sprayed  with  rubber-based  carbon  paint  to  make 
it  electrically  conducting. 

The  electrostatic  shield,  shown  on  the  front  plate  in  Fig.  3,  was  made  of  0.81-mm-diameter 
(0.032-in. -diameter)  galvanized  steel  chicken  wire  with  a  51-mm  (2-in.)  hexagonal  mesh.  This  screen 
was  stretched  over  the  top  and  sides  of  a  3.0-by-3.7-m  (10-by-12-ft)  aluminum  frame  standing  0.61  m 
(2  ft)  high.  The  frame  could  be  lowered  over  one  of  the  current  plates  so  as  to  completely  cover  it 
with  screen,  leaving  a  clearance  of  about  0.3  m  (1  ft)  all  the  way  around.  Measurements  and  calcula¬ 
tions  agree  that  this  arrangement  was  effective  at  shielding  the  plate  from  more  than  989?  of  the 
ambient  field. 


Fig.  3  —  Wilson  plates  used  lor  the  surface-current  experiment.  The  near  plate  is 
covered  with  rough  carpet  (black)  and  shielded  from  the  external  field  by  a  grounded 
chicken-wire  screen.  The  pits  visible  downwind  (at  the  right  in  the  photograph)  are 
for  additional  current  plates. 
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The  plates  were  connected  to  current  amplifiers  similar  to  those  used  in  the  Gerdien  conduc¬ 
tivity  tubes  described  earlier.  Thus  each  plate  was  held  within  a  few  millivolts  of  ground  potential 
throughout  the  measurements.  In  addition  the  amplifiers  were  provided  with  variable  polystyrene 
feedback  capacitors  so  that  their  time  constants  could  be  matched  to  that  of  the  atmosphere  as 
described  by  Kasemir  [26] ,  if  desired.  The  calibration  of  the  two  amplifiers  was  identical: 

1.94  V  per  pA/m2  ±  2%,  accounting  for  the  geometrical  plate  areas  of  7.29  m2.  Futhermore,  the 
average  currents  measured  by  the  two  plates,  when  both  were  simultaneously  exposed,  agreed 
within  1%. 

Because  the  plates  were  held  at  ground  potential,  any  contact  potential  between  their  under¬ 
sides  and  the  bottom  of  the  pits  must  have  caused  a  nonzero  electric  field  there.  The  resulting 
error  currents  flowing  through  the  air  between  the  plates  and  the  soil  are  not  easily  distinguished 
from  the  residual  convection  current  to  be  measured.  Therefore,  tests  were  carried  out  to  assess 
their  magnitude  and  behavior. 

The  situation  can  be  illustrated  by  the  equivalent  circuit  in  Fig.  4.  The  voltage  Va  is  the 
“open-circuit”  voltage  of  an  exposed  current  plate  disconnected  from  its  amplifier.  The  current 
!a  ,  the  fair-weather  atmospheric  current  to  the  plate,  is  balanced  in  the  steady  state  by  the  leakage 
current  through  the  resistance  R  of  the  air  between  the  plate  and  the  ground.  The  battery  A  V 
represents  the  contact  potential  between  these  two  conductors.  The  open-circuit  voltage  is  deter¬ 
mined  by 


Ia~(Vo-AV)IR. 


If  the  plate  is  connected  to  a  low-impedence  current  meter,  the  short-circuit  current  Is  is  given  by 

I'-ia+*vir-v0/r. 

Thus,  the  fractional  measurement  error  is 

!s  ~  lA  AV 


This  expression  emphasizes  the  importance,  already  pointed  out  by  Kasemir  and  Ruhnke  [27] ,  of 
designing  current  antennas  to  have  large  open-circuit  voltages.  The  Va  of  the  Waldorf  plates 


Fig.  4  —  Equivalent  circuit  for  a  current  plate.  VG  and  /,  are  respec¬ 
tively  the  open-circuit  voltage  (switch  open)  and  short-circuit  current 
(switch  closed).  R  represents  the  open -circuit  resistance  of  the  plate 
to  ground.  The  battery  AV  represents  the  contact  potential  between 
the  plate  and  ground. 
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measured  only  about  4.5  V  in  a  100-V/m  field,  Comparison  of  this  voltage  with  a  typical  contact 
potential  of  -0.3  V  (the  measured  open-circuit  voltage  of  a  covered  plate  with  several  radioactive 
sources  installed  in  the  pit  beneath  to  increase  the  conductivity  there  and  thus  to  minimize  other 
effects  on  the  open-circuit  voltage)  implies  a  fractional  measurement  error  of  7%. 

This  error  is  too  la  >  to  permit  accurate  determination  of  the  fair-weather  current  density, 
but  it  should  not  cause  much  trouble  in  the  present  context,  for  the  following  reasons.  First, 
although  the  contact  potential  between  two  conductors  of  different  materials  is  often  as  high  as 
1  V,  its  change  with  time  and  weathering  is  generally  smaller  -  perhalps  only  a  few  tenths  of  a 
volt.  Second,  we  will  be  principally  concerned  with  correlations  of  the  measurements  with  wind 
speed,  and  there  is  no  reason  to  expect  the  contact  potentials  to  depend  directly  on  that  parameter. 
Therefore,  any  errors  caused  by  contact  potentials  will  be  ignored  in  the  following. 


Before  the  results  of  the  surface-current  experiment  are  presented,  the  theory  of  the  turbulent 
electrode  effect  must  lie  further  articulated  so  that  its  predictions  are  definite.  A  charge-density 
profile  will  he  derived  here  for  the  diffusion  sublayer  and  will  be  used  to  compute  the  net  convec¬ 
tion  current  to  a  covered  plate  under  various  conditions.  The  starting  point  for  this  analysis  is  the 
ion-density  profile  derived  in  the  previous  section  as  Eq.  (1).  For  small  enough  z/L,  this  implies 
the  following  approximate  conductivity  profile: 

X(2)  *  [  1  -  In  (2y/z7X)/ln  (2N/z0/T)]  .  (2) 

In  a  steady-state,  horizontally  homogeneous  surface  layer  with  eddy  diffusivity  k(2)  =  Kz , 
as  was  defined  on  page  4,  the  continuity  equation  integrates  to 

dp 

-Kz  —  +  XE  =  Jn, 
dz  0 

where  p  is  the  space-charge  density  and  J0  is  the  (uniform)  total  current  density.  Assuming  that 
the  electric  field  remains  approximately  equal  to  its  surface  value  throughout  this  thin  layer  and 
using  Eq.  (2)  and  the  homogeneous  lower  boundary  condition  p(z0)  =  0,  we  can  solve  this  equation 
and  obtain 


p(z) 


'0  z 
In  — 


ln^ 


K  zQ  4 K  In  (2\Jzq!L)  2 


(3) 


Equation  (3)  represents  the  charge-density  profile  in  the  ambient  atmosphere  as  it  enters  the 
upwind  side  of  the  screen  over  the  covered  current  plate. 


Beneath  the  screen  the  situation  is  no  longer  horizontally  homogeneous;  the  charge  density 
decays  in  the  downwind  (x)  direction  due  to  diffusion  to  the  surface.  The  partial  differential 
equation  expressing  the  two-dimensional  charge  distribution  in  this  steady-state  problem  is 


dp 

u  -  =  K 

dx 


d  dp 
dz  dz  ’ 


where  u(z)  is  again  the  wind  speed.  This  relation  equates  the  horizontal  convergence  of  charge  due 
to  advection  by  the  mean  wind  to  its  vertical  divergence  by  turbulent  transport.  The  following  addi¬ 
tional  terms  have  been  dropped:  the  horizontal  turbulent  transport,  the  vertical  mean  advection 
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(subsidence),  and  the  conduction  currents  due  to  horizontal  and  vertical  electric  fields  beneath 
the  screen. 

In  addition  to  the  initial  condition  of  Kq.  (.3)  at  ,t  --  0  and  the  homogeneous  lower-boundary 
condition,  the  solution  of  this  partial  differential  equation  requires  an  upper-houndary  condition. 
For  simplicity,  we  will  assume  that  the  peak  of  the  charge-density  profile  stays  at  the  same  height 
above  the  surface  as  the  space  charge  decays,  giving  the  condition  i)p/'dz  1^  =  0.  (Actually,  the 

height  of  the  (leak  should  move  upward  with  downwind  distance,  so  this  approximation  will  deplete 
the  space-charge  peak  too  rapidly,  resulting  in  an  underestimate  of  the  net  current  to  the  covered 
plate. )  The  height  of  the  upper  boundary  is  computed  from  Eq.  (3)  as 

L  \ 

In  2  In  2  . 

20  / 

Before  proceeding,  it  is  convenient  to  throw  the  partial  differential  equation  and  its  initial 
and  boundary  conditions  into  dimensionless  form  according  to  the  definitions  p  [(  J(j  );7fjp\ 
z  -  zflz'.  a-  ==  z()jc'.  6  =  /,/2(),  and  7  =  Jq/XcxKq.  Tim  yields 


2i  Jo  / 
20  \ 


,  i)p'  (  ,  i)2p'  3p'\  , 

1  lal 

In  z’j  =  7(ln  6  2  In  2), 

(4b) 

%  ,  ,*o, 

9z  Z  =2, 

(4c) 

,  ,  ,  1  9  , 

p  (jc  =  0)  =  In  z  - - ,  ln^  z  , 

2  In  Zj 

(4d) 

kT 

II 

O 

HI 

0 

(4e) 

where  we  have  used  the  logarithmic  wind  profile  u(z )  =  (u*/0.35)  In  (z/z0)  and  K  -  0.47«*,  as 
before.  The  surface-current  density  is  then  given  by  </(Zq,  *  )  =  J0dp'/<)z  \z'_  , . 

The  system  of  equations  (4)  has  been  solved  numerically  by  the  implicit  method  of  Crank  and 
Nicholson,  cited  by  Richtmyer  and  Morton  1 28) ,  after  logarithmic  stretching  of  the  vertical  coor¬ 
dinate  to  allow  sufficient  resolution  near  the  lower  boundary.  By  taking  7  =  0.5.  in  acknowledgment 
of  the  theoretical  result  that  the  surface  field  should  be  about  twice  the  field  above  the  convection- 
current  layer,  solutions  have  been  calculated  for  two  values  of  5.  A  wind  of  4  m/s  over  a  surface 
with  roughness  length  =  2  mm  (second  row  of  Table  3)  implies  6  =  1250;  cutting  the  wind  speed 
in  half  reduces  6  to  625.  Figure  5  shows  the  dimensionless  surface-current  density  x’)/J0  as  a 
function  of  normalized  horizontal  distance  x/z ()  from  the  upwind  edge  of  the  screen  for  the  two 
cases. 

Table  4  summarizes  the  values  of  various  numerical  results,  including  the  height  .z,  and  magni¬ 
tude  pmax  of  the  initial  charge-density  peak.  Column  6  gives  the  integrated  charge  per  unit  horizontal 


19 


WILLETT 


area  a  between  the  surface  and  this  peak,  allowing  an  estimate  of  the  electric-field  perturbation  in 
the  diffusion  sublayer.  Column  7  gives  the  integrated  current  per  unit  width  advected  through  the 
upwind  side  of  the  screen  between  the  surface  and  the  peak.  Finally,  the  last  column  gives  the 
predicted  ratio  of  the  net  currents  measured  by  the  covered  and  exposed  plates,  assuming  that  the 
former  extends  from  x'  =  152  to  1372  (x  =  0.30  to  2.7  1  m)  as  shown  in  Fig.  5. 

We  now  can  justify  a  posteriori  some  of  the  assumptions.  Consider  the  6  =  1250  case  and 
suppose  J0  =  -0.5  pA/m2  (a  typical  value  observed  during  this  experiment).  This  implies  the 
following  dimensional  results:  zl  =  3.5  cm,  pmax  =  8.5  pC/m3,  a  =  0.24  pC/m2,  and  j  =  0.27  pA/m. 
First,  it  is  easily  verified  that  z}  IL  =  0.014  is  small  enough  for  Eq.  (2)  to  be  a  good  approximation 
to  the  conductivity  profile.  Second,  the  change  in  electric-field  strength  through  the  diffusion  sub¬ 
layer.  given  by  u/e0  =  0.028  V/m,  is  indeed  negligible.  Third,  even  if  we  use  the  maximum  charge 
density  throughout  the  entire  volume  beneath  the  screen,  the  maximum  fields  there  are  only  of 
the  order  of  pmax  /i/2t0  =  0.29  V/m,  where  h  =  0.61  m  is  the  height  of  the  screen  above  the 
plate.  Thus  it  is  reasonable  to  ignore  conduction  beneath  the  screen.  Finally,  as  confirma¬ 
tion  of  the  accuracy  of  the  partial-differential-equation  solution  leading  to  Fig.  5,  the  current  j 
advected  under  the  screen  exactly  equals  the  integral  over  x  of  the  surface-current  density  J(z^.  x  I 
in  each  case. 

Mow  we  can  discuss  the  measurements  made  during  June  and  July  1979.  Polar  conductivities 
and  charge  density  at  the  20-cm  level  and  wind  speed  and  direction  at  5  m  were  recorded  during 
data  runs  us  described  earlier  for  the  conductivity-profile  experiment.  Additional  data  were  recorded 
from  the  two  current  plates  and  a  five-anemometer  wind-profile  system  as  will  be  described.  All  runs 
were  in  daytime  with  sky  conditions  ranging  from  clear  to  broken  fair-weather  cumuli.  The  data  are 
presented  in  Table  5. 

Except  for  run  10  and  brief  comparison  checks  at  the  beginning  of  each  day.  the  current  plates 
were  always  operated  with  one  covered  and  the  other  exposed,  as  shown  in  Fig.  3.  The  amplifier  for 
the  covered  plate  was  given  a  time  constant  of  108  s  (0.00-1  pF  in  parallel  with  the  27-GS1*  feed¬ 
back  resistor)  to  smooth  the  trace  sufficiently  for  easy  averaging.  An  attempt  was  made  to  keep  the 
exposed  plate  close  to  Kasemir's  phase-matched  condition  in  order  to  reduce  its  sensitivity  to 
displacement-current  fluctuations.  Each  morning  its  feedback  capacitance  was  adjusted  to  give 
the  best  square-wave  response  to  step  changes  in  an  artificially  applied  field.  This  resulted  in  a  time 
constant  of  1890  >  (0.07  pFl  on  all  days  except  June  14,  when  the  time  constant  was  2430  s 
(0.09  pF). 

To  measure  the  surface-roughness  length  and  to  get  a  better  estimate  of  the  friction  velocity 
than  was  available  from  the  wind  speed  at  5  m  alone,  a  wind  profiling  system  was  operated  during 
this  experiment  It  consisted  of  five  sensitive  cup  anemometers  (Thornth waite  Associates  model  912, 
with  a  starting  speed  8.9  cm  s  and  a  distance  constant  of  83  cm  I  mounted  on  a  pole  at  heights  of 
18,  36,  53,  89,  and  160  cm  (7,  14,  21,  35,  and  63  in.)  above  the  ground,  as  shown  in  Fig.  6.  The 
associated  electronics,  housed  in  the  small  white  box  visible  in  the  foreground,  accumulated  the 
pulses  from  each  anemometer  and  relayed  voltages  proportional  to  the  integrated  wind  run  to  the 
data  system  for  recording.  For  the  five  data  runs  on  June  14  and  15  the  anemometer  at  36  cm 
was  not  operating,  but  for  the  others  data  were  obtained  from  all  five  instruments. 

These  wind  data  were  analyzed  as  follows.  With  use  of  a  nonlinear,  least-squares,  curve-fitting 
algorithm,  the  formula 
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Fig.  5  —  Theoretical  distribution  of  normalized  current  density  across  the  covered  plate.  The 
horizontal  distance  x  is  measured  from  the  upwind  edge  of  the  idealized  electrostatic  shield  in 
units  of  roughness  length.  With  the  assumption  that  z0  =  2  mm,  the  upper  scale  shows  this 
dimension  in  meters.  For7  =  -  0.5  two  curves  are  shown  for  different  values  of 

6  =  LIzq,  as  in  Table  4. 


Table  4  —  Results  of  the  approximate  calculation  of  net  current  to  the  covered  plate  for 
2q  =  2  mm,  7  =Jq/\ooEq  =  0.5,  and  two  wind  speeds.  The  last  column  gives  the  predicted 
ratios  of  the  net  currents  measured  by  the  covered  and  the  exposed  plates. 
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where 


i 0(0)  =ln  [(1  +  0)2(  1  +  02)/ 8]  -  2  tan  1  0  +  tt/2 

* 

and 


0(2) 


was  fitted  to  all  12  runs  for  which  reliable  wind  data  were  available.  This  was  done  in  such  a  way  that 
each  run  determined  its  own  value  of  «»  Ik  hut  z()  and  d  (zero-plane  displacement)  were  forced  to  be 
the  same  for  all  runs.  The  Obukhov  length  /,*,  the  only  other  parameter  in  this  formulation  taken 
from  Businger  |29|,  was  unknown  because  no  temperature  information  was  available.  It  was  assumed 
that  /.,  -  sre  (neutral  stability)  so  that  0  =  1,  0  =  0,  and  u{z)  reduced  to  the  well-known  logarithmic 
wind  profile.  This  yielded  zQ  =  2.0  mm,  d  =  6.0  cm,  and  the  values  of  u„/fe  shown  in  column  8  of 
1  able  n.  Then,  to  assess  the  effect  of  departures  from  neutrality,  L*  was  set  to  -10  m,  appropriate 
for  moderately  strong  instability.  The  results  became  20  =  6.6  mm,  d  =  1.9  cm,  and  the  values  of 
u,  h  in  column  9  of  the  table,  which  are  seen  to  be  about  30r^  larger  than  those  in  the  previous 
column 

In  addition  to  determining  z0,  the  wind-profile  measurements  represented  the  only  convenient 
way  of  testing  our  mixing-length  assumption  that  the  eddy-diffusion  coefficient  could  be  expressed 
as  Kiel  =  Kz.  Since  this  form  leads  to  the  logarithmic  wind  profile,  the  ability  to  fit  the  data  accu¬ 
rately  with  such  a  profile  would  lend  credibility  to  that  assumption.  Figure  7  shows  the  results  under 
the  neutral  assumption  tor  a  representative  selection  of  runs.  The  fit  is  quite  good  except  for  some 


I- u  •.  lor  measuring  wind  profiles.  Five  eup 

.in^nvmielers  are  shown  at  heights  of  IN,  36,  63,  H9, 
•  nid  160  em  above  the  ground.  The  white  box  downwind 
I  foreground  in  the  photo)  contains  the  associated 
electronics. 
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Fit;.  7  —  Wind  profiles  for  a  representative  selection  of  runs.  For  each  run, 
all  data  points  are  plotted  with  a  common  symbol,  and  the  corresponding 
least-squares  fit  is  labeled  with  the  run  number,  as  given  in  Table  5.  The 
uppermost  row  of  plotted  points  indicates  the  mean  wind  speeds  at  f>  m, 
which  were  not  used  in  fitting  the  profiles  and  have  been  shown  for  com¬ 
parison  only. 


of  the  points  at  5  m,  which  were  taken  with  a  different  kind  of  instrument  on  a  tower  separated 
horizontally  by  about  20  m  from  the  profile  instrumentation.  The  overall  RMS  deviation  of  the 
profile  measurements  (55  mean  wind-speed  values)  from  the  logarithmic  curves  (14  free  param¬ 
eters)  is  only  0.067  m/s. 

in  spite  of  the  relatively  poor  agreement  of  the  5-m  wind  speeds  with  the  extrapolated  profiles, 
the  correlation  between  n(5  m)  and  ut/k  (columns  4  and  8  in  Table  5)  is  good.  Discarding  the 
obvious  outlier,  run  16,  where  u(5  m)  is  less  than  the  profile  winds  at  all  but  the  18-cm  level,  we 
find  a  correlation  coefficient  of  0.84!  The  corresponding  linear  regression  line  implies  z0  =  2.8  mm, 
in  acceptable  agreement  with  the  profile  measurements.  Because  of  the  lack  of  profile-derived  values 
of  u,jk  in  the  four  runs  of  highest  wind  speed,  the  5-m  wind  will  therefore  be  used  in  place  of  the 
friction  velocity  in  the  following.  Run  16  will  be  omitted  from  further  consideration. 
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All  of  this  suggests,  without  proving,  that  the  eddy-diffusion  formulation  leading  to  Eqs.  (1) 
and  (4)  is  reasonable  and  that  the  fetch  was  probably  sufficient  for  the  surface  layer  to  be  in  equili¬ 
brium  throughout  the  lowest  meter  or  so.  Since  the  ion-density  profiles  are  presumably  dominated 
by  turbulent  transport  in  this  region,  they  should  also  be  in  equilibrium.  The  charge-density  maxi¬ 
mum  is  controlled  by  the  conduction  current;  but  since  the  total  charge  per  unit  area  in  the  lowest 
meter  is  small  enough  to  be  replenished  by  the  total  current  density  in  only  10  to  20  s,  it  should 
be  in  equilibrium  too.  This  justifies  a  comparison  of  the  data  in  Table  5  to  the  theoretical  predic¬ 
tions  in  Table  4. 

The  ratios  of  the  current  measured  by  the  covered  and  uncovered  plates  are  listed  in  the  second- 
last  column  of  Table  5.  The  correlation  coefficient  of  these  ratios  with  the  5-m  wind  speed  (exclud¬ 
ing  runs  10  and  16)  is  0.72,  significantly  different  from  zero  at  the  1%  level.  Furthermore,  the  cor¬ 
responding  linear  regression  line  yields  values  of  10%  at  4  m/s  and  2.6%  at  2  m/s,  which  is  a  fairly 
good  match  with  the  theoretical  estimates  in  the  last  column  of  Table  4.  It  remains  to  consider 
other  mechanisms  which  might  produce  this  apparent  agreement. 

Several  physical  processes,  in  addition  to  the  turbuler.c  diffusion  of  space  charge,  could  cause 
the  covered  plate  to  measure  a  significant  fraction  of  the  total  current  density.  One  process,  already 
mentioned,  is  the  conduction  current  beneath  the  plate  due  to  a  contact  potential  between  the 
metal  and  the  soil.  Although  this  mechanism  cannot  be  ruled  out  in  the  present  context,  its  effects 
are  discounted  here  because  it  should  not  display  the  observed  wind-speed  dependence.  In  fact,  one 
might  speculate  that  the  conductivity  of  the  air  under  a  current  plate  should  decrease  with  increas¬ 
ing  wind,  due  to  the  flushing  of  trapped  radon  gas,  leading  to  a  decrease  in  this  error  current  with 
increasing  wind  speed. 

Two  other  sources  of  current  to  the  covered  plate  become  available  if  we  assume  that  the  theory 
is  wrong  and  that  the  current  is  really  carried  by  conduction  at  the  surface.  First,  the  leakage  of  the 
external  field  through  the  grounded  screen,  which  was  stated  earlier  to  be  less  than  2%,  would  con¬ 
tribute  the  same  fraction  to  our  ratio.  Second,  the  space  charge  beneath  the  screen  produces  its  own 
electric  field  at  the  plate,  through  Gauss’s  law.  Measured  charge  densities  in  column  7  of  Table  5 
agree  well  with  the  values  calculated  from  Table  4  and  are  too  small  to  cause  trouble.  Furthermore, 
both  the  ambient  field  and  the  space  charge  seem  to  show  the  wrong  dependence  on  wind  speed. 

The  field  was  not  measured  directly  in  this  experiment,  but  a  crude  estimate  based  on  the  total 
conductivity  and  the  current  to  the  exposed  plate  is  shown  in  the  last  column  of  Table  5.  Both  the 
magnitude  of  this  “field”  and  the  charge  density  show  negative  correlations  with  wind  speed, 
although  they  are  not  statistically  significant.  Referring  back  to  the  conductivity-profile  experi¬ 
ment,  we  again  find  negative  correlations  with  wind  speed  for  both  pole-top  potential  and  charge 
density  as  well  as  a  strong  correlation  (0.77)  between  these  two  parameters  which  is  significant  at 
the  1%  level. 

The  results  of  this  experiment  can  be  summarized  as  follows.  There  appears  to  be  a  significant 
increase  with  wind  speed  in  the  fraction  of  the  total  current  density  collected  by  an  electrostatically 
shielded,  roughly  surfaced  Wilson  plate.  This  observation  apparently  cannot  be  explained  away  by 
any  known  physical  process.  It  is  therefore  taken  els  evidence  in  support  of  the  hypothesis  that  the 
current  is  transferred  by  turbulent  diffusion,  rather  than  by  conduction,  at  an  aerodynamically 
rough  surface  under  conditions  of  strong  mixing. 


SUMMARY  AND  CONCLUSIONS 

The  theory  of  the  turbulent  electrode  effect,  as  developed  by  Hoppel  [6]  and  extended  by 
me  (8) ,  requires  that  both  polar  conductivities  decrease  toward  the  ground  and  that  the  fair-weather 
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current  be  carried  by  diffusion  at  the  surface  under  conditions  of  strong  turbulent  mixing. 

1  have  here  further  articulated  this  theory  to  yield  definite  predictions  about  the  conduc¬ 
tivity  profiles  and  the  behavior  of  the  surface-current  density  over  a  field  of  grass.  These  predic¬ 
tions  have  been  tested  by  two  experiments  designed  to  identify  the  effects  of  the  hypothesized 
turbulent  diffusion  of  ions  and  space  charge  to  the  absorbing  lower  boundary. 

The  results  of  the  experiments,  described  in  the  preceding  sections,  support  the  theoretical 
predictions.  The  conductivity-profile  experiment  gives  evidence  that  both  polar  conductivities  do 
indeed  decrease  toward  the  ground,  at  least  over  the  lowest  meter.  This  is  a  direct  contradiction  of 
the  previous  results  of  Higazi  and  Chalmers  116J.  The  present  results,  however,  confirm  the  observa¬ 
tions  of  those  authors  that  the  ratio  of  negative  to  positive  conductivity  near  the  surface  increases 
toward  unity  with  increasing  wind  speed.  The  surface-current  experiment  gives  evidence  that  at 
least  part  of  the  current  at  the  surface  is  carried  by  turbulent  diffusion.  The  observed  fraction  of  the 
fair-weather  current  received  by  the  electrostatically  shielded  plate  has  roughly  the  predicted  magni¬ 
tude  and  shows  the  correct  dependence  on  wind  speed. 

These  results  show  that  the  existing  theory  of  the  turbulent  electrode  effect  is  at  least  qualita¬ 
tively  correct.  In  particular  the  experimental  evidence  supports  the  hypothesis  of  an  absorbing 
lower  boundary  and  the  conclusion  that  the  classical  electrode  effect  gives  way  to  turbulent  diffu¬ 
sion  of  ions  to  the  surface.  If  true,  this  has  significant  implications  for  the  modeling  of  convection 
currents  in  the  planetary  boundary  layer,  as  1  pointed  out  previously  |2] .  It  means  that  only  the 
charge-conservation  equation  need  be  modeled,  with  the  electrode-effect  charge  source  provided  by 
conduction  in  the  presence  of  an  externally  specified  conductivity  profile.  This  greatly  simplifies 
the  solution  from  that  attempted  by  Hoppel  and  Gatham  [7] ,  who  used  conservation  equations  for 
each  of  four  species  of  ions. 

Unfortunately,  several  flaws  in  the  present  experiments  make  their  results  less  dramatic  than 
desired.  Future  attempts  to  measure  conductivity  profiles  in  the  lowest  5  meters  should  be  per¬ 
formed  at  a  site  with  a  longer  and  more  uniform  upwind  fetch  and  should  take  pains  to  equalize 
the  instruments  at  all  levels  to  the  ambient  potential.  The  surface-current  experiment  should  also 
be  repeated  using  current  plates  covered  with  natural  sod,  to  more  closely  match  the  roughness 
of  the  surrounding  surface,  and  designed  to  reduce  the  contact-potential  error.  The  signal-to-noise 
ratio  of  this  experiment  should  also  be  improved  by  making  the  plates  narrower  in  the  wind  direc¬ 
tion  so  as  to  catch  a  larger  fraction  of  the  diffusion  current  (the  theoretical  result  of  this  change 
being  implied  by  Fig.  5).  These  improvements  should  allow  a  more  quantitative  test  of  the  theory 
and  more  compelling  results. 

One  aspect  of  my  [81  theory  that  should  receive  more  attention  is  the  treatment  of  the 
aerodynamically  rough  surface.  By  assuming  that  the  homogeneous  boundary  conditions  for  ion 
density  and  space  charge  should  be  applied  at  the  roughness  height,  1  have  probably  exaggerated  the 
flux  of  these  quantities  to  the  ground.  A  repetition  of  the  experiments  described  in  this  report,  with 
the  modifications  suggested,  should  allow  the  degree  of  this  overestimate  to  be  assessed. 
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